Abstract-A multimode Brillouin Erbium Fiber Laser BEFL, at 1550 nm band, with in-cavity intensity modulation is demonstrated. The output of the laser is in the form of nanosecond pulses. The longitudinal mode separation is increased, which results in both reducing the number of oscillation modes and, at the same time, changing the output pulses repetition rate to be multiples of the round trip cavity frequency. It is also demonstrated that the number of modes is greatly reduced by the combination of active mode locking and the group velocity dispersion arising from the change in the refractive index at each mode due to the change in its gain within the Brillouin gain bandwidth. A case of a quasi single mode is reached where the output is nearly CW with very low sinusoidal modulation index.
INTRODUCTION
Generation of nanosecond light pulses is of great interest. Active mode locking is one of the techniques used to obtain such short light pulses. Brillouin fiber laser is a suitable candidate for this purpose. Stimulated Brillouin Scattering SBS is a nonlinear amplification mechanism that depends, among others, on fiber parameters and Brillouin pump BP linewidth. The gain reduces by a factor ∆ν p /∆ν B if pump linewidth increases where ∆ν p is the pump linewidth, and ∆ν B is the Brillouin gain bandwidth. Frequency shift between pump wave and Stokes wave in Brillouin scattering depends on the scattering angle. Frequency shift is maximum in the backward direction and zero in the forward direction. For the backward scattered wave that is of interest in optical fibers, the maximum frequency shift is typically around 11 GHz with a scattered linewidth of about 20 MHz [1] [2] [3] .
Generation of highly coherent laser light can be attained profiting from the narrow linewidth of SBS. Erbium amplification along with SBS are used to implement an Erbium Brillouin Fiber Laser [4] [5] [6] [7] . For Dense Wavelength Division Multiplexing DWDM applications, multiwavelength Brillouin Erbium fiber laser was realized where each Stokes signal acts as a new pump to generate another Stokes signal downshifted by 11 GHz (about 0.088 nm). 24 CW channels around 1560 nm are obtained by this technique [8] [9] [10] .
Active mode locking transforms the CW laser output into pulses of higher peak power and a repetition rate determined by the cavity round trip time [11] . A phase locked loop PLL can be used in active mode locking to reduce pulse timing jitter and phase noise [12] . Employing photonic crystal fiber in conjunction with a Bismuth based Erbium doped fiber, aims to reduce gain medium length [13] . As a result of the higher nonlinearity of photonic crystal fibers [14] [15] [16] [17] [18] [19] [20] [21] [22] and hence the lower pump power required, the generation of higher order Stokes is made easier enabling the interference between the pump wave and higher order Stokes waves to generate microwave to millimeter waves using a Brillouin laser [23] . Also the dynamics of active mode locking is analyzed to show the required time to reach steady state, the width of pulses produced, and the threshold condition for mode locking [24] .
Simultaneous mode locking and Q-switching are used to obtain ultrashort pulses with energies in the mJ range [25] . SBS can play the role of Q-switching where a phase conjugating SBS reflector is employed in a Nd:YAG rod for the purpose of Q-switching and moreover to correct the beam phase distortions and hence obtain a transverse fundamental mode. Another acousto-optic modulator serves in mode locking and generate picosecond pulses.
To increase SBS efficiency in a Brillouin fiber laser, BP is tuned to a short fiber length cavity [26] which adds other features: (a) BP linewidth is filtered by the cavity which increases SBS efficiency, (b) where this filtering decreases BP power allowed to propagate inside the cavity, but the previous decrease in BP power is compensated by the accumulation of power inside the cavity at resonance. These effects have a net increase in SBS efficiency. An extra advantage is gained through stabilizing the BP frequency with the cavity using an electronic feedback circuit reducing to a large extent the BP laser frequency jitter [27] .
In this paper, we demonstrate the generation of nanosecond optical pulses with a controlled repetition rate through the use of a BEFL with active mode locking. We show the possibility of obtaining a pulse rate at multiples of the cavity round trip frequency. Moreover we demonstrate the interplay between the group velocity dispersion among the different modes and the resulting number of oscillating modes. Finally, we show that the number of oscillating modes can be greatly reduced where a case of nearly single mode is reached. In our setup, BP is not allowed to circulate in the cavity (using an in-line fiber isolator). The relatively high BP linewidth in this case (10 MHz) is compensated by the use of a long SM fiber (2.1 km). Only Stokes scattered wave is filtered by the cavity resulting in a multimode oscillation (FSR = 95.8 kHz and Brillouin linewidth is around 20 MHz). In-cavity loss modulation at f 0 = 95.8 kHz, the fundamental resonance frequency, lock in phase these modes and produce nanosecond pulses of pulse width equal to the reciprocal of the Brillouin linewidth. The group index variation with the modes frequency results in a great reduction in the number of oscillating modes and this is justified from our measurements of the Brillouin bandwidth in our experiment. Loss modulation, at "n" multiples of "f 0 ", decrease the number of oscillating modes by "n" and increase the pulse repetition rate by the same factor. A limit is reached when the intensity modulation frequency is approximately equal to half the Brillouin linewidth, a case of a nearly single mode oscillation.
EXPERIMENTS AND RESULTS

CW-Brillouin Laser Beam Oscillation
We show first the operation of EDFL as a CW laser source. The set-up is connected as shown in Fig. 1 Figure 2 . EDFL spectrum. Figure 3 . Mixed BEFL and BP spectrum, the BEFL peak power is at 1558.128 nm.
First, the tunable laser source is turned off; the 1480 nm pump laser source of the EDFA amplifier is turned on; and its power is set at 58 mW. Oscillations occur at random frequencies, where these oscillations frequencies are not stable and change continuously. The spectrum of the optical output is displayed on the optical spectrum analyzer as shown in Fig. 2 .
As seen in Fig. 2 , there are two peaks resulting from the free running mode of the Erbium doped fiber laser (EDFL). These peaks are at 1557.77 and 1558.45 nm. The wavelength of the tunable laser source is adjusted to the wavelength of maximum gain in the EDFL spectrum. The optical power of the tunable laser source is set to 50 mW that acts as a Brillouin pump (BP). The power of the BP is halved due to the existence of the 3 dB coupler in the path of the BP. It is injected into the SMF in the clockwise direction and blocked by the isolator, which prevents injection locking to BP. The BP generates an additional gain in the counter-clockwise direction at a frequency shift from the BP frequency by the Stokes shift in the SMF. This frequency shift equal 11 GHz which is equivalent to 0.088 nm. The combined spectrum of BEFL and BP is shown in Fig. 3 after adjusting the tunable laser wavelength to produce the maximum power of the SBS wave.
Since the resolution of the optical spectrum analyzer is 0.05 nm (which is equivalent to 6.24 GHz around 1550 nm), the details of the spectrum of the BEFL cannot be seen in the optical spectrum analyzer. It can be analyzed using Photodetector which converts the optical signal into RF signal (Photodetector at 1.55 µm with amplifier (PDA10CF-EC), its modulation bandwidth is 150 MHz). This signal spectrum is monitored using RF spectrum analyzer which is shown in Fig. 4 . It is clear that the spectrum is multimode with spectral spacing 95.8 kHz that is equivalent to the round trip delay of the fiber loop. The beating between these modes leads to the spectrum shown in Fig. 4 . This output is due to a multi-beating process which can be explained as follows.
The output at 95.8 kHz is the result of a beating at the photodetector of each mode with the mode next to it (above and below). The output at 95.8 × 2 = 191.6 kHz is the result of beating of each mode with the one separated from it by ±191.6 kHz and so on. Due to the random phase relation between modes, the spectrum is not stable and randomly changes.
Changing the position of the pedals of the polarization controller creates side modes between the shown fundamental modes. This proves that the oscillation spectrum is polarization sensitive. Adjusting the pedals position will suppress, to a large extent, these side modes.
To measure the Brillouin linewidth, two Brillouin Stokes in the same direction separated by frequency shift greater than the expected Brillouin width are created. It is expected that the two BEFLs are independent from each other due to their different oscillation frequencies. This is done by applying two Brillouin pumps shifted in frequency from each other. This shift is achieved using acousto-optic modulator AOM that shifts the optical frequency by approximately 100 MHz. Generation of two Stokes shifted by 100 MHz is realized as follows: The optical signal from the tunable laser diode is split using 3-dB directional coupler, one of the two branches is connected to the AOM. The output of the AOM is connected to one of the inputs of another 3-dB directional coupler and the other input of the directional coupler is connected to a variable attenuator (adjusted at 3-dB) which is also connected to the other output of the first directional coupler (Fig. 5 ). This attenuator is used to balance the input power to the second directional coupler, since the AOM attenuates the signal by 3-dB so without this attenuator the two Brillouin stokes will have different powers, which will result in one signal with higher power taking more gain than the other in the EDFA. Therefore, the lower signal will be more suppressed. The frequency shift of the AOM is adjusted to 99.68 MHz by adjusting the DC voltage at its modulation input at 4 V. This setting reduces the insertion loss of the AOM to a minimum value.
After adjusting the polarization controller, a Lorentzian-like curve is shown on the RF spectrum analyzer, since the resolution bandwidth (RBW) is 1 MHz, an envelope only without mode details is shown in Fig. 6 . Reducing the RBW to 1 kHz, the mode details are clearly viewed (Fig. 7) . This clarifies the multimode structure of the BEFL with mode separation equals to round trip free spectral range. This figure is obtained by averaging over (50) traces. The phase relation between these modes is not stationary in time. We notice that some frequency components have less amplitude than others. The appearance of this figure is due to the averaging process and this random phase relation. The spectral width of the curve in Fig. 6 is extracted by fitting it to a Lorentzian function, since the Brillouin gain has a Lorentzian spectrum of the form [1]
where g p is the peak value of the Brillouin gain at
and T B is the acoustic phonon lifetime and equal 5 ns, and the gain spectrum bandwidth is ∆υ B = Γ B /2π.
The spectrum measured on the RF spectrum analyzer ∆υ around 100 MHz is the autocorrelation of the photodetected current which will give a Lorentzian spectrum of twice the width of the Brillouin spectrum; hence ∆υ B = ∆υ/2. We find that Brilloun linewidth equals approximately 4.9 MHz. This smaller bandwidth than what is expected is attributed to the multibeating process used and explained before.
Mode Locking of the Brillouin Laser Beam
In this section, we demonstrate mode locking of the previously obtained multimode oscillation of the BEFL. Active mode locking of these modes will generate optical pulses with pulse width that equals the inverse of the spectral width of the Brillouin gain spectrum. Active mode locking is realized by inserting an AOM inside the cavity. The zero order output of the AOM is connected to 90/10 coupler and its electrical modulation input is connected to a wave generator adjusted to generate pulses of frequency exactly equals to the mode separation which is 95.8 kHz. The choice of the zero order output of the AOM is because it does not change the optical frequency and the AOM acts as a switch and not as a frequency shifter. The AOM switch is on when the voltage at the modulation input is zero, while the switch is off at voltage levels more than 4 V. As a result of amplitude modulation, side modes generated around the fundamental mode with frequency separation 95.8 kHz will act as the seeds of the longitudinal modes of BEFL producing mode locking. This is verified by obtaining a train of pulses from the cavity output. These pulses have pulse width which is approximately equal the inverse of the Lorentzian gain spectrum. The schematic diagram of the experimental set-up is shown in Fig. 8 . PIN Photodetector with modulation bandwidth 5 GHz instead of Photodetector with TIA is used in this experiment as the output pulses have high amplitude, also a variable attenuator is placed before the Photodetector to prevent any damage to the detector.
These narrow pulses are displayed on a digitizing oscilloscope (500 MHz BW) ( Fig. 9(a) ) when pulses of repetition rate 95.8 kHz (period equal to 10.438 µsec and pulse width equal to 390 nsec) is applied at the modulation input of the AOM. It is clear from Fig. 9(a) that only one pulse circulates in the cavity. Zooming on one of the pulses is displayed in Fig. 9(b) , showing that the pulse width is about 27 nsec. The RF spectrum of the output is shown in Fig. 9(c) .
The group index at each mode frequency is given by the relation [28] [29] [30] 
where P p is the pump power and equal 50 mW, g p is the gain coefficient ≈ 5 × 10 −11 m/W, n g0 is the group index at the peak of the Brillouin gain and equal 1.47, Γ B = decreases each round trip until a single mode operation is expected but in our experiment we discover that a number of modes are able to oscillate in the cavity which means that they propagate with the same group velocity and a form of an attraction force between these modes is behind this phenomenon. The modes of not enough power to participate in this mutual interaction propagate with their unaltered group velocity and arrive at the acousto-optic modulator at the wrong timing and hence these modes are eliminated. This explains why the measured gain bandwidth is less than what we expect of the Brillouin bandwidth in silica fibers since the number of modes that exist is much less due to this phenomenon.
The repetition rate of the pulses, connected to the AOM modulation input, is changed to 47.9 kHz (half the round trip frequency), and the pulse width is changed to 10.177 µsec. Two pulses are noticed per one modulation period with pulse spacing of about 10 µsec. These pulses are shown in Fig. 10(a) . Due to the delay between the two electrical channels on the oscilloscope, one of the pulses appear during the high voltage and the other during the low voltage of the AOM driving signal, indeed these two pulses exist during the low voltage. Zooming on one of the two pulses is shown in Fig. 10(b) . The RF spectrum of these mode locked pulses is shown in Fig. 10(c) . It is clear that only one pulse circulates in the cavity (about 60 ns width), and extra-modes are generated when the original modes create their own sidebands through intensity modulation at 47.9 kHz.
The repetition rate of the modulation pulses is now changed to 283 KHz. This frequency is approximately three times of the round trip frequency. Train of pulses is observed with the same repetition rate. Fig. 11(a) shows this train of pulses where three pulses co-circulate in the cavity. Fig. 11(b) shows the RF spectrum of these pulses. It is clear that the mode separation is 283 kHz. The explanation of these results is that the fundamental mode (the mode at the highest gain of the Brillouin spectrum) starts oscillation and then when it is intensity modulated at 283 kHz it creates sidebands separated by ±283 kHz. These modes continue to oscillate in the cavity and are phase locked all together. The modes separated by ±95.8 kHz and ±191.6 kHz from the fundamental mode have no enough gain to build up and therefore disappear.
Quasi-single Mode Brillouin Laser Operation
In the previous section, we conclude that the number of oscillating modes inside the cavity decreases as the cavity loss modulation frequency is multiples of the round trip frequency. Therefore in this section we try to decrease the number of oscillating modes to the least possible. The repetition rate of the modulation pulses is changed to 9 MHz. Very interesting result is reached, the RF spectrum resulted in two RF harmonics separated by 9 MHz with around 20 dB difference in power ( Fig. 12(a) ). So we can deduce that the output of the BEFL Figure 12. (a) The spectrum of the output pulses when the modulation pulses frequency is 9 MHz, (b) the output in time domain (photodetector with TIA is used to detect this signal). Figure 13 . The experimental setup to check the single mode operation of BEFL with high modulation frequency.
is in the form of a fundamental mode and two weak side modes. This is proved in time domain by the fact that the detected signal is nearly a sinusoidal wave (Fig. 12(b) ) with very small modulation index at the beating frequency between the fundamental mode and the neighboring modes shifted by 9 MHz. An experimental set-up is used at this step to answer the postulate stating that the increase of the intensity modulation frequency of the cavity may lead to a single mode operation of the BEFL. The aim of this setup is also to check whether single mode operation is reached or not. The set-up is shown in Fig. 13 . Here the acousto-optic modulator is replaced by intensity modulator since the latter has higher bandwidth which can permit us to increase the modulation frequency. However, its insertion loss is around 6 dB, which is 3 dB higher than that of the acousto-optic modulator. The polarization controller is connected before the intensity modulator as its performance is polarization dependent, so the polarization status must be controlled to have the best output. A 3-dB coupler is connected to the 90/10 coupler output; an acousto-optic modulator is connected to one of its arms; and Relative power dB Figure 14 . RF spectrum at amplitude modulation frequency 10 MHz, pulse width 40 ns and EDFA pump power 27 mW.
the output of the acousto-optic modulator is connected to one of the inputs of another 3-dB coupler. The other two arms are connected together. The acousto-optic modulator acts as a frequency shifter which shifts the optical frequency by 100 MHz. This arrangement will serve to shift the frequency spectrum around 100 MHz.
The pump power of the EDFA amplifier is adjusted to 27 mW. The spectrum measured on the spectrum analyzer is a combination of the spectrum of the detector and the beating spectrum of the BEFL (H det (f )S v (f ) where H det (f ) is detector RF spectrum, and S v (f ) is the beating spectrum of the BEFL). Therefore, the detector spectrum is eliminated by recording only the detector spectrum and subtracting it in dB from the above combined spectrum. Fig. 14 shows the interference spectrum at modulation frequency 10 MHz with pulse width 40 ns. It is clear from the figure the existence of around five RF harmonics in the spectrum. Due to the interference between the spectrum at zero frequency and the shifted spectrum around 100 MHz, the number of modes of the BEFL deduced in this case is three.
CONCLUSION
In conclusion, a multimode Brillouin Erbium Fiber laser is demonstrated. The number of oscillating modes and hence the output pulse repetition rate are controlled through the choice of the RF frequency driving an optical switch inside the laser cavity. The effect of group velocity dispersion on the number of oscillating modes is studied.
A quasi-monomode limit is reached when the intensity modulation frequency is near half the Brillouin linewidth. In a future work, the single cavity will be replaced by direct coupled cavities to control the number of oscillating modes and hence obtain a pulsed narrow linewidth laser.
